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for O b t a i n i n g  Mutual Capacitance 



Chagter 1 

INTRODUCTION 

The use of anisotropic d i e l e c t r i c  m a t e r i a l s  t o  achieve 

mutua l  c apac i t ance  was f irst  proposed by C, P o  Gadsden (P963,a,b), 

A physical r e a l i z a t i o n  termed t h e  an i so t ropy  t r a n s f o r m e r  was 

descr ibed  and an open-circuit vol tage  gain mas p r e d i c t e d  but 

not  real ized experimentally (Loh, 19631, 

In the investigateon reported here ,  a generalized theo- 

r e t i c a l  analysis o f  the anisotropy t ransformer and sirnflar 

d e v i c e s  i s  developed, A t ransform-analog technique  for the  

determination of optimum p h y s i c a l  configurations for r e a l f z a t f o n  

of m u t u a l  capacitance and voltage gain and for the determinat ion 

of equivalent-circuit garameters is employed, The open -c i r cu f t  

vo l t age  gain of the a n i s o t r o p y  t r a n s f o m e r  is shown t o  have an 

upper  l i m i t  o f  unity under  l i n e a r  opera teon  condftions and this 

demons t r a t i on  is extended to include the g e n e r a l  class of s u c h  

devices  a 

Since a linear-mode gain greater  than unity is impossible, 

the non- l inear  p r o p e r t i e s  of multi-terminal d i e l e c t r i c  m a t e r i a l s  

(specifically Rochelle salt) and their a p p l i c a t i o n  as n o n l i n e a r  

elements in d i e l e c t r i c  amplifier c o n f i g u r a t i o n s  is i n v e s t i g a t e d ,  

The use of Rochelle salt as a n o n l i n e a r  element groves to be fm- 

practical  and f e a s i b i l i t y  of nonl inear  anfsotrogic coupling 

techniques in other oriented f e r r o e l e c t r i c  crystals  is found to 



3 

depend on poorly u n d e r s t o o d  aspects of the macroscogfc consequences 

of the mechanism of p o l a r i z a t i o n  reversal, 



Chapter  I1 

LINEAR ANISOTROPIC COUPLING 

Coordinate  Transformat ions  

In an anfsotrdgic df.eleetsic the r e l a t f a n  between the dis- 

placement vector and the e l ec t r i c  f i e l d  e n t e n s i t y  is 

where B is the polarLzat i .on ,  and a second rank permittivity ten- 

s o r ~  Equati.on (1) is not v a l i d  i ,n m a t e r i a l s  exhibiting a sponta-  

neous polarization, I n  Cartesian coordinates, f o r  t h e  case in 

wbi,ch on.ly one of the coordinate axes coincides w i t h  a p r f n c i p a l  

axis of the permittivity tensor and the displacement v e c t o r  5s 

cons t an t  along that ax is ,  the resultant two-dimensional equateons 

are 

F-- 

= d 

0 
1- - - 

In the absence of f r ee  charge, V a D = 0, Therefore  

But 

Hence 

E m -  v4 o 



The c r o s s  term i .n Eq,uati.on ( 5 )  can be e l i m i n a t e d  by the trans- 

format i.on' 

a special case of th-e  general transfornation 

CxJ = CTI cxm10 ( 7 )  

If Equati.on (6) is v a l i d ,  components of and F t r a n s f o m  in the 

same way and t h i s  fact 3.s used t o  determine t h e  transformation law 

for the permittivity tensor coefficient matrix r ,  It is required 

t h a t  

1.f t he  primed c o o r d i n a t e  axes c o i n c i d e  with- the principal axes of  

CD'J = Cc" rCEa1 - 
and c f  is diagonal ,  

From Equations ( 8 )  and ( 2 )  

Therefore 

Lov 1 ~ ~ 1 - l  L E I  CT] LEV I. 6 1 1 )  

Comparison of Equations (11) and ( 9 )  1nd.Lcates t h a t  

C s ' l  c~l-' C EI [TIo (12 

While 5 and obey the same transformation law i n  an o r t ho -  

gonal transformation, this is not always t r u e  in a transfom.ation 

which does not preaurve orthaganality,, F o r  exbmple, in a 

transformation involving no rotation, but only a c o n t r a c t i o n  



of one coordinate axis  in a two-d tmen~iona l  a n i s o t r + ~ p i @  

medium, obeys the same t r a n s f o r m a t i o n  law as t h e  c o o r d i n a t e s ,  

The components o f  5,  however, are f u n c t i o n s  o f  both components - . 
of  E i n  t h e  u n t ~ a n s f o r m e d  system and therefore  t h e  transform f o r  

* i( IS w i l l  n o t  be the  same as for E. For  such a two-dimensional case.  

i t  i s  shown i n  Appendix B that the p e r m i t t i v i t y  t r a n s f o r m  can n o t  

be of t he  same fom as Equateon (121, This r e s u l t  i n d i c a t e s  that 

a s p a t i a l  transform ( i n s t e a d  of a change of c o o r d i n a t e s  In the same 

space) i s  required t o  t r a n s f o r m  t h e  a n i s o t r o p i c  problem I n t o  an 

i s o t r o p i c  problem, 

Appl i ca t i on  of t r a n s f o r n a t i o n  ( 6 )  reduces Equa t ion  ( 5 )  t o  

The spat ia l  t r a n s f o r m  ( d e r i v e d  i n  Appendix A)  r equ f r ed  t o  r educe  

\13) to an o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n  is 

TUa t r a n s f o r m a t i o n  which may b e  i n t e r p r e t e d  as a s t r a i n  (Nye. 

1957)  reduces Equa t ion  (13) t o  LaplacePs equa t ion  

While there are an i n f i n i t e  number o f  t r a n s f o r m a t i o n s  which reduce 

+ Equa t ion  (13) t o  Laplaceus e q u a t i o n ,  (14) has the un ique  p r o p e r t y  

that I t  p r e s e r v e s  t h e  d i f f e r e n t i a l  e lement  o f  a r e a ,  



Boundary Modi-f i c a t i s n s  

TransformatLons (6) and (14) have modi,fied t h e  boundary eon- 
L .  

d i t i o n s  agplfcable t o  the  so lu t i . on  of Equatf.on (5 )  in a bounded 

A medium, The modi.ff ed boundary c o n d i t i o n s  wf E l  be o b t a i n e d  f o r  

the  case of a rectangular anisotropic medfum bounded by an %so- 

t r o p i c  medfum as  shown in Figure  l, 1.n the ungrfmed coord fna t e  

system, t h e  c o o ~ d f n a t e s  of p o i n t s  A ,  B, and C are 

In t h e  primed coordinate system t h e  coordinates are 

L sin 0 U s i n  0 + L cos 
1 - 

W cos 0 + L s%n O W s i n  Q L cos 0 B; &-----. --i--) 

C .. -W cos O - L sin o -W sin O + L cos  O 
I 2 

Using Equation ( 1 4 )  t h e  c o o r d i n a t e s  I n  t h e  double-grimed system 

are found to be 

1 
'il \B  w s i n  o - L cos  o JT W cos o + L s i n  o - 

B: v ' 2 2  1 2 i 



Figure I - Coordinate - Axis  Designat ion 
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1 
cos - L  sin e 

C: 2 

From Figure  1 and Equation.  (18) 

t a n  Q " 
-I 

In the transformed space the dimensfons L" and W* are 

Appl ica t ions  Of The Transfonnatfons 

Gadsden constructed an anisotrepy t r ans fo rmer  from a rec- 

t a n g u l a r  ammonium dihydragen phosphate CADP) c r y s t a l  cut i n  such 

a wag that one axis of the c r y s t a l  cofnqfded with one a f  the 

~ r l n c i p a l  axes of the permittLvity tensor, The p lane  faces par- 

a l l e l  to t h i s  axis  were o r i e n t e d  a t  an angle of 45O with respect 

to the other p r i n c i p a l  axis of the permittivity tensor, As shown 

l a  Figu re  2, the coin.ciden,t axes are taken  to be in the Xg dl-  

rec t i .ona  Under t'he assumption of cons tan t  p o t e n t i a l  in the X 
3 



Figure 2- The Anisotropy Transformer 



directfon Equation ( 5 )  may be used t o  analyze this deviced Slnee  

o is; 4s0, E q u a t f 0 . n ~  ( 1 9 )  and (20 )  reduce t o  

Gadsden deecr ibed  the anisotropy t ransformer wfth  the 

parameters Cl, C2, and Cm according to the circuit shown in Figure 

3 *  The equations for t h i s  model are 

The ciscuit model for t h e  r e s i s t a n c e - p a p e r  C t e l e d e l t o s )  ana log  

o f  t h i s ,  dev i ce  i s  shown i n  F igu re  4 and the  correspondEng c i r c u i t  

e q u a t i o n s  are 

The similarity of Equa t i ons  (22) and ( 2 3 )  establ fshes  an analogy 

between terminal measurements of capacitance on t h e  ADP c r y s t a l  

and t e m f n a l  measurements of conductance on the teledeltos ana- 

l og ,  The expression f o r  conductance as determined by measure- 

ments for t w o  p a r a l l e l  terminals of  length L and separation W on 

t e l e d e l t o s  is 

where y is the s p e c i f i c  resistivity of the t e l e d e l t o s ,  In the 



Figure 3- Anisotropy Circuit I 

Figure 4- The Ano log Circui t  



T e l e d e l t o s  

Experimental  

13 

same coord ina t e  system the expression for p a r a l l e l  p l a t e  capac i -  

tance p e r  u n i t  X - d i r e c t e d  l eng th  is 
3 

C E "L 
E rn unit length . 1125) 

f - Equation (151 i n d i c a t e s  t h a t  the permittivity to be used in the 

double-primed s y s t e m  f s ( e  
112 

llr;l 
Equations [24) and ( 2 5 )  

e s tab l i sh  the r e l a t i o n  
1 
m 

C = ( ~ i ~ ~ i ~ l  2 G  d ( 2 6 )  

where d is the X3 a x i s  l eng th ,  The conductances s f  Equa t ion  (23) 

are determined by the terminal measurements 

11 
GI =I - 

v~ 
L G2'=- I2 

V = O  
2 

v2 vl- 0 

I * 
I 

L 

,,kj =t - 11 i 

~ v~ v2= 0 V2 I V1 = 0. ( 2 7 )  

The values  of C1, C and C computed from conductance  measurements 2 m 
on t e l e d e l t o s  gaper C r  = 2000 / unit square) are given in Table  I 

( P i l k f n g t o n  and Roe, 1965) along with Gadsdenvs expe r imen t a l  

values  f o r  the ADP c r y s t a l  shown i n  Figure  2, 

Table I, Comparison of Computed and Experfmental Values 

5 

- 
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The t e l e d e l t a s  and experimental values are i n  r e a s o n a b l e  agreement 

considering that commerLcia l ly  available te ledel toa  f a  fnhamogeneous 

and 15% to 20% a n f s o t r o p i c ,  

Optimum Conf i g u r a t  i.0n.s 

Unfor tuna te ly  the lumped parameter model. of  Figure 3 1s 

not w e l l  suited f o r  a determination of the confLguratfon gfvfng 

maximum gain o r  mutual  capacitance because  i t  does not completely 

specify t h e  d e v i c e  (It does not g ive  the results o f  a11 p o s s f b l e  

terminal measurements of c a p a c i t a n c e )  and i s  not e a s f t y  related 

t o  t h e  s t r u c t u r a l  characteristics of  t h e  device, A lumped- 

parameter model which wf 11 r e p r e s e n t  any t e m L n a l  measurements: 

of capacitance is shown i n  F i g u r e  5 ,  It i s  based  on the p h y s i c a l  

appearance of the t e l e d e l t o s  analog, The e q u a l i t y  of c e r t a i n  

interface capac i t ances  as shown i n  Figure 5 i s  d i c t a t e d  by the 

symmetry o f  the crystal c u t ,  This equ iva len t  circuit is not 

un ique ,  Far  example C could be  replaced by a c a p a c i t o r  C240 13 
The dec i s ion  as t o  which capaci tance is % Q  be used is detemfned 

by terminal measurements on the a c t u a l  device .  I f  C13 i s  chosen 

and the capacitance from 2 t o  4 i s  a c t u a l l y  the larger ( o r  v i c e  

v e r s a )  t h e n  C will b e  computed to be negative, While this in 1.3 
no way a f f e c t s  the terminal characteristics of the model  it 

clearly discourages interpret at i ons  of the circuf t-model para- 

meters en t e rms  o f  t h e  s t r u c t u r a l  characteristics o f  t h e  device, 

The forward open-cfrcuited voltage gain i s ,  from F igu re  5 ,  



Figure 5 - Teledeltos Anolog and Anisotropy Circuit. 
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The reverse open-circuit vo l t age  gain is 

By standard n~ethods (Meinberg, 1962), the  parameters o f  Figure 5 

may be related t o  Gadsdents equivalent-ef , rcui t  parameters, These 

re1a t ion .s  are 

Cons ide r a t i on  of  F i g u r e  5 and Equat ions  (30)  i n d i c a t e s  t h e  s ig-  

n i f i c a n c e  o f  a negat ive C,, I f  t e r m i n a l  measurements g i v e  an 

a p p a r e n t l y  negat ive C,, an i r r a t i o n a l  cho ice  of reference 

te rminals  a t  t h e  output has been made (i,e,, a choice g i v i n g  

a v o l t a g e  rise from t h e  r e f e r e n c e  a t  one terminal  pair and a 

voltage drop at  t h e  other), 

Maximizing C, maximizes the  g a i n ,  This Is equivalent to 

maximizing CA and minimizing CB. From F i g u r e  4, it i s  seen t h a t  

t h i s  may be accomplished by minimizing the  a n g l e  a. For r i l  n o t  

equal to r i 2  it can be deduced from Equati,on,s (19)  t h a t  a 0 angle 

of 4 5 O  gives the minimum a e  Thus a 45O-cut c r y s t a l  with a l a r g e  

g i l -  C '  r a t i o  should be chosen if the greatest mutual capac i tance  
22 

and vol tage  ga in  are t o  be ach ieved ,  The upper l i m i t  of the for- 

ward vo l t age  gain is u n i t y  and is approached o n l y  fn the l i m i t  as 

cil/~i2 approaches i n f i n i t y .  



Since the linear-mode ga in  was found to be limited t o  u n i t y ,  

an investigation of t h e  nonlinear properties of an anisotropic 

d i e l e c t r i c  (Rochelle s a l t )  was unde r t aken ,  



Chapter  I11 
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Many a n i s o t r o p i c  materials used i n  the construction o f  

dev i ce s  such  as  those  desc r ibed  i n  Chapter  I1 are  found t o  exhibit 

nonlinear d i e l e c t r i c  properties. M a t e r i a l s  which exhibit an 

e l e c t r i c a l l y - r e v e r s f i l e  spontaneous polarization and d i c l e c t  r i c  

hysteres is  are termed f e r r o e l e c t r i c ,  F i g u r e  6 i s  a p l o t  o f  p o l a r -  

ization as a f u n c t i o n  of a p p l i e d  v o l t a g e s  on t h e  f e r r o e l e c t r i c  

a x i s  of Rochelle salt ( N ~ K c ~ H ~ O ~ @ ~ H ~ O ) .  

Some o f  t h e  compounds ferroelectric along a single c r y s t a l -  

l i n e  axis are Rochel le  ( o r  Seignette) s a l t  and t h e  compounds XH2R 

where X may be t h e  potassium o r  ammonium groups and R t h e  phosphate 

o r  a r s e n a t e  g r o u p ,  These m a t e r i a l s  Ere p i e z o e l e c t r i c  as are a l l  

f e r r o e l e c t r i c s ,  The members of  t h e  phosphate-arsenate  group of  

f e r r o e l e c t r i c a  have Curie p o i n t s  below 200°K, The most widely 

used ferroelectric, barium t i t a n a t e ,  i s  f e r r o e l e c t r i c  a long  a l l  

t h r e e  c r y s t a l l i n e  axes ( t h o u g h  not a t  t h e  same t empera tu re )  and 

i s  n o t  ava . i l ab le  in large s i n g l e  crystals, Rochel le  s a l t  has  an 

upper C u r i e  t empera ture  of 255OK and i s  avai lable  i n  l a r g e  s i n g l e  

c r y s t a l s  (Cady, 19641, Thus  Rochelle s a l t  i s ,  i n s o f a r  as device  

f a b r i c a t i o n  and equipment requirements are concerned,  the f e r r o -  

e l e c t r i c  c r y s t a l  most easily s t u d i e d ,  

The interest in the  p o l a r i z a t i o n  -E n o n l i n e a r i t y  of  these 



Temperature:  O0 

Frequency: 60 HZ 

Figure 6-  Rochelle-Salt Hysteresis Curves, X-Cut. 



m a t e r i a l s  l i e s  fn the f a c t  that con t ro l  of their dielectric coq- 

atant s  i s  gossLble ThLs possfbf lfty encourages t h e  fnvestLgation 

of  the c o n t r o l  of anSsoLrogic coupling by the app l i ca t ion  of an 

external aLgnal, 

Theorf e s  of F e r r o e l e c t r i c f t y  

It f a  unfortunate  that these is no theory of the ferro- 

e l e c t r i c  g r ~ p a r t f e s  of Rochel le  s a l t  which allows the p r e d i c t i o n  

of dynamic termfnal  parameters,  The s i r n i 1 a r i . t ~  of  t h e  behavior 

o f  Rochelle salt and the o the r  f e r r o e l e c t r i c s  t o  ferromagnetic 

m a t e r i a l s  l e t  t o  an attempt t o  exp la in  their behavior on the 

b a s i s  of a theory modeled a f t e r  t h e  elassEcaP Langevfn-WePss 

theory of ferromagnetfsm, An eleme-ntary molecular model. i n  uhlch 

H20 molecules formed r o t a t i n g  d ipoles  was developed (Jaynes,  1953). 

Bowever, the effect of  piezoelectric i n t e r a c t i o n  was not con- 

s i d e r e d  i n  t h i s  theory,  I n  add i t ion ,  t h e  s t r u c t u r e  o f  Rochelle 

s a l t  was, a t  tha t  time, undetermineda Thus it was not poss ib le  

t o  s p e c i f y  the d ipole  i n t e r a c t i o n s  on which, the theory was based, 

More recent  internal  f i e l d  theories  o f  Rochelle s - a l t  have in-  

volved the rnotfon of hydrogen bonds within the molecules (Jona 

and Shirane,  1962) but as the  s t r u c t u r e  determinat ion i s  as yet 

incomplete these  t h e o r e t i c a l  models  do not allow the calculation 

of te rminal  parameters f o r  arbitrary conf igura t ions ,  The 

phenomenological thermodynamic t reatment  of Mueller (Cady, 1964)  

allows t h e  calculat ion of te rminal  parameters f o r  z-cut crystals 

with faces  normal t o  the f e r r o e l e c t r i c  axis, While i n  principle 

the effect of f i e l d s  not p a r a l l e l  to the ferroelcctrfc axis 

could be calculated,  a number of d i f f i c u l t i e s  are present, 



M u e l l e r f s  t h e o r y  i s  developed f o r  f i e l d s  p a r a l l e l  t o  t h e  

f e r r o e l e c t r i c  axis ,  I f  the c r y s t a l  Ea cut a t  an angle ( o t h e r  than 

90°) wfth respect to this a x i s  t h e  pa r t i a l  d i f f e r e n t i a l  equat ion 

(5) of Chapter II must be solved wfth  appropriate boundary con- 

df  t i o n o  to o b t a i n  the ferraeleetric-axf s f ieLd,  Moreover the 

equa t ion  is nonlinear since the f erraeleetrkc-axis dieEectrLc 

constant is field dependent, Kilnzig (1957) has noted that "the 

anisotropy of some f s r r s e l e c t r f c s  1s so high that the d i r e c t i o n  

of t h e  spontaneous  polarization cannot d e v i a t e  much from t h e  

f e r r o e l e c t s f  c axisow For  Rochelle sal t  the mechanf srn f o r  p o l a r -  

i z a t i o n  reversa l  is considered by Kanzig to be a decrease and 

reversal along t h e  f e r r o e l e c t r i c  ax i s  only ,  However, Mason (1950a) 

indicates tha t  the of f-axis d i e l e c t r i c  constants f o r  Rochelle salt 

may be found by the r o t a t i o n  t r a n s f o r m a t i o n  which was discussed 

i n  Chapter 11, Any attempt t o  de te rmine  t h e o r e t i c a l l y  t h e  e f f e c t s  

of f i e l d s  n o t  p a r a l l e l  t o  the f e r r o e l e c t r i c  axis would appear to 

require a r e fo rmula t i on  of Muellergs t heo ry  as well as an in-  

creased understanding of t h e  mechanism o f  p o l a r i z a t i o n  r e v e r s a l  

in f e r r o e l e c t r i c s ,  The i n v e s t i g a t i o n  of nonlinear p r o p e r t i e s  i s  

therefore r e s t r i c t e d  t o  experimental  s t u d i e s  of  nonlinear 

coupling in Rochelle salt, 

Crystal Pragarat  ion and P r 0 p e r t i . e ~  

In addi t ion  to the desireable propertees of Rochelle s a l t  

(room temperature  f e r r o e l e c t r i c  range, a v a E l a b i Z L t y  of large 

s ing l e  crystals, high aniso t ropy)  t h e r e  a re  s e v e r a l  g r o p e r t f e s  

which engender d i f f f c u l t y  for an i nves t i ga to r ,  Rochelle s a l t  is 

hygroscopic, deliquescent, temperature sensitive, pressure  sense- 



t i v e ,  b r i t t l e ,  and subject to ag,hg of the e l e c t r i c a l  and mechani- 

cal p r o p e r t f  e s ,  Sarno:.Y.es must be prepared  and h.andled with- ucrnost 

care and maf n t a i n e d  in a near- ideal  environment, 

I- 1 

A l l  crystals used in this work were manufactured by 

C l e v i t e  Corpora t ion ,  Dimensions before c u t t i n g  Nere 5 mm x 5 mm x 
1 

50 m with the 50 mrn dimension along &Re z a x i s ,  Both 0"-cut 

( f e r r o e l e c t r i c  axis nomaL to t w o  faces of the c r y s t a l )  and 45"- 

c u t  crys ta l s  were used, C r y s t a l s  were sectioned gerpendYouRar t o  

the z axis giving a f b f s h e d  length of about 22 mm, Befare e l e c t r o d e s  

were attached the c rys t a l  surfaaes were p a l i s h e d  w i t h  water, then 

cleaned with d f s t f l l e d  water a r  e t h a n o l ,  Surfaces no% to be covered 

wi.th. e lec t rodes  were masked w i t h  high d i e l e c t ~ l c  strength tape and 

fine-grain silver condu~tive epoxy adhesive was spread on t h e  

1 areas to be e l e e t r o d e d ,  After setting of t h e  adhesive, the tape 
I .  

I masks were ~enuaved, EEeetrode thicknesses were approx imate ly  0 , 2  

I mm, Damping due ta elec%rode maas was nut  smcffcLent t o  cause any 
I 

observable distortion sf polarfzatfon hysteres is  curves ,  

Ths c r y s t a l s  were mounted in a spring-cEfp holder which 

fit in a temperature t e s t  chamber, The s p r i n g  c l i p  p r e s s u r e  was 

not s u f f i c i e n t  to cause any observab le  distortf on of  p o l a r f  z a t i s n  

hysteresis loops, The test chamber had a ternperabuse range of  

25Q°K to 315°K- controllable by varying current input to t h e  thermo- 

e l e c t r i c  c o o l e r  u n i t s ,  The t e s t  chamber temperature  was measured 

wi th  a Chrome E-AlumeZ thexmscozly Pe , 

In spite of a11 eff0rt.s some c r y s t a l  contacts ware i n f t i a l -  
m 

ly defec t ive  or became d e f e c t i v e  during the course of the investf- 

z% g a t i o n ,  This was u s u a l l y  caused by corrosion between the s u r f a c e  

of the crystal and the c o n t a c t s  or the formation of condensate on 

the crystal  surface and the consequent loosening of the contacts, 



Measurements on crysta ls  with a t h i n  layer sf low-,dielectric- 

constant rnaterXa1 between t h e  con tac t s  and the crystal surface 

are virtually wsrthleas because of the high d i e l e c t r f c  constant 

of  Rochelle s a l t ,  For example, surface c u n t m i n a t f o n  of o n l y  

0,001 mm on a LO mm crystal of Rochelle s a l t  can cause the meas- 

ured value of the ferroele@tri@-axis d i e P e c t r f c  constant t o  be 

in error by as much as 1Q per cent (Cady, 196ba), In this work, 

c r ~ s t a l  con tac t s  were considered acceptable if the  y o l a r i z a t L s n  

hysteresis loop taken p a r a l l e l  t o  the f e r roe l ec f r f c  a x i s  a t  60 He 

Andicated that saturatfon p o l a r i z a t i s ~ r  was reached w i t h  f i e l d s  ofb 

200 voltsdcrn or less, According to MasonBs internal f i e l d  theol-y 

for Rochelle sa l t  (195Qb), the coerc ive  f i e l d  rieeesaary to reverse 

the polarization o f  a s i n g l e  domain is on the orde r  sf 100 v o l t s /  

cm, The f i e l d  strength at closure o f  the hyass;eresfs loop is 

t y p i c a l l y  twice the coercive f i e l d ,  Saturation -tion as 

used here, is the magnitude of the polarization at the p o i n t  sf 

closure of the loop, 

Surface conduct ion due to the fo rmat ion  of Rochel le  s a l t  

solution at the surface of the c r y s t a l  under humid aondf . t iona  can 

alter considerably the appearance of  hys teres i s  curves, In such 

cases leakage widens the loop and increases the value of the field 

intensity at which saturation polarfzation appears t o  occur, The 

Musl le r  modification (1935) of the circuit introduced by Sawyer 

and Tower (1930) compensates f o r  leakage by f-ncorporatfng a phase 

c o n t r o l ,  A deacrfgtfon of" this cf.rcuf.t  is given in Appendix C, 

However, far  most measurements the leakage was held a t  l e v e l s  

s u f f i c i e n t l y  low that t h i s  correction uas not needed, 

Out%T.de the f s r r o e l e c t r i c  range of Rochelle sal% (255OM to 

29TQK) hysteresis  disappears but a nonlinear  P - E (polarization 



electric f i e l d  in$ensftgj r e l a t i o n  ex i . s t s  f o r  s.evera1 degrees out- 

side the upper an-d lower Curie p o i n t s ,  

For small  fields (less than  200 voPts/cm) the s t a t i c  df- 

t .  
e l e c t r i c  constant  exhfbits a sharp maximum a t  the upper  and Power 

Cur ie  point s  and is almost constant over the range of 263°K t o  
I '  

283OK, The thermal conductivity of Rochelle s a l t  is several times 

lower than that  of q u a r t z  ( ~ a d y ,  1 9 6 W  and crys ta l s  are slow in 

a t t a i n i n g  thermal equflibritam, Repeatable measurements are 

p o s s i b l e  only if several hours have e lapsed  since a temperature 

change, Because h t e r n a l  heating occurs during the caurse of an 

exper iment ,  the crystal temperature rises abcLe tha t  of t h e  cham- 

ber ,  Therefore,  the  chamber temperature was held  in the range of 

- 5 a C  to O Q C ,  In t h i s  region the d i e l e c t r i c  constant does not  

vary r a p i d l y  with temperature and the ddc resistance is t y p i c a l l y  1 

9 10 ohms or greater, 

Appl icat ion  of F e r r ~ e l e c t r i ~ c  Properties 

An exmination of dielectric hysteresis loopa indicates 

that a number of device concepts  assocfated with square-loop 

magnetic m a t e r i a l s  are a p p l i c a b l e  t o  ferroslectrfcs, Figure 7 

fs a c i r c u i t  diagram f a r  one of  the simplest dielectric m p l f -  

ffers which can be constructed (Katz, 1959) In t h i s  amplifier 

the c o n t r o l  s i g n a l  biases t h e  f e r r o e l e c t r i c  s ample  t o  various 

points of the hysteresfs loop  and thereby c o n t r o l s  the impedance 

which appears at the terminals of the a-c power source, I n  

a d d i t i o n  t o  the difficulties associated wi th  Che material pro- 

pert ies  o f  ferroelectrics (large hysteresis l o s s e s ,  U g h  coercive 

f o r c e s ,  t empera ture  sensitivity and aging) t h e r e  is the problem 



Figure 7 - Basic Dielectric Amplifier 
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of Isolating the c o n t r o l  source from the power source, In the 

c i r c u i t  of Pfgu re  7 a b l o c k i n g  c a p a c i t o r  is necessary to prevent 

shorting of the c o n t r o l  source  by the power sourceb The choke 

C .  
prevents shorting of the nonlinear eEement by the control source, 

The four-terminal crystal configurations of  Chapter I1 have 
? '  

the property t ha t  i d e a l  voltage sources at the i npu t  and o u t p u t  

are g a r t i a l l y  i s o l a t e d  by the  c r y s t a l  impedancea A mador ob- 

jec t ive  of this experimental investigation is the development of  

f o u r - t e m i n a l  crystal configuratf ons with df e l e e t r f  c constants 

c o n t r o l l a b l e  by the a p p l i c a t i o n  of an externaE s i g n a l  and provkd- 

h g  inherent isolation of the power sources, 

Effe .c t s  Of Electrical Biases 

1 m 

The 8gpEFcatfon of a d-c voltage to a Oo-cut crystal under 
I 

I 
1 .  

t e s t  i n  a Sawyer-Tower c i r c u i t  was found by David (1935) to pro- 

duce a shift  fn the o r i g i n  of the hys t e r e s i s  loopa David was 

able t o  demonstrate t h e  e q u i v a l e n c e  o f  mechanical and e l e c t r i c a l  

b i a s ,  A set sf e l e c t r i c a l l y  b i a s e d  hysteresis loopa  and khe ear -  

c u i t  with which they were measured are shown in Figures  8 and 9, 

T h e  para l le l  d-c bias is the most direct method of control of the 

dielectric constant  and is the b a s i s  o f  opera t ion  of the dLeYectr ic  

a n p l i f i e r  of F i g u r e  7 ,  

Biases On 0°-Cut Crystals 

! In t h i s  investigation the f irst  four-terminal c r y s t a l  

conf iguratfon c o n s i d e r e d  was 0°-cut with electrodes on t h e  faces 

perpendicular and para l l e l  t o  t h e  f e r r o e l e c t r i c  axfs, 



100 volts /cm /div. 

Bias Voltages:0,22.5,45.0,77.5,90.0, I12,and 
135 volts 

Temperature: 7" C 

Frequency: 60 Hz 

Figure 8- Biased Hysteresis Curves, X-Cut Rochelle 
Salt. 
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For a Oo-cut crystal no anfsotragfc couglkg between f l e l d s  

pa ra l l e l  and perpendicular to the f e r r o a l e c t r i c  axis is expected ,  

However, a f e r r o e l e e t r f c  i n t e r a c t i o n  due t o  gar t fa l  alignment of  

f e r r o e l e c t r i c  domains by fields perpendf c u l a r  t o  the  f e r r o e l e c t r i c  

axis might be expected t o  d i s t o r t  hysteresis curves talken garal le l  

to the f e r r o e l e c t r f c  axis, Experimentally this effect is not 

observeda 

Bi.ases On 45"-Cut Crystals 

The f u l l  e l ec t rode  and gartfal electrode 45O-cut crystals 

of Figure  10 were the next conffguratfons to be investigated, 

P o l a r i z a t i o n  hysteresis loops ( these  are given  as q-v loops since 

l a  the s p e c i f i c a t i o n  of electrode a r e a  and spacing i s  ambiguous for 

I .  any but OO-cut crystals) taken between various faces of a 45O-cut 

i c r y s t a l  are shown in FEgure 11, It was found tha t  hysteresfs 

loogs  between A and D were i n  no way affected by loads  or biases  

a t  terminals B and C, However, the a p p l i c a t i o n  of a r e s i s t i v e  

load t o  terminals B anc D was found t o  cause the appearance  of a 

hysteresis curve between terminals A and C in c o n t r a s t  t o  the ab- 

sence of any marked n o n l i n e a r i t y  i n  the unloaded measurement, The 

hysteresis loops taken between t e r m i n a l s  A and C were dependent on 

both tbe resist ive load and m y  bias vol tage  on terminals B and Do 

A set  of hysteresis loogs f o r  various loads and hZases i s  presented  

I in Figure 1 2  for the p a r t i a l - e l e c t r o d e  4 5 O  configuration. The 

e f f e c t  of  b i a s  is similar f o r  the  full e l e c t r o d e  configuration, 

For t h e  p a r t i a l - e l e c t r o d e  c r y s t a l  the open-circuf t v o l t  age 

gain (both forward and reverse) at 60 Hz was within th ree  per cen t  

of t h e  maxfmum of 1,0, No d i s t o r t i o n  was observable at the  ou tpu t  
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terminals, 

The fu l l - e l ec t rode  crystal had lower gain than  the par t ia l -  

electrode c r y s t a l  and considerable distortion was present in the 

ou tpu t  waveform, Figure 13 shows the voltages appearing between 

various terminals of t h e  crys ta l  f o r  a sinusofdal source vol tage ,  

The fraction of a d-e bfas vo l t age  which appears at the fn- 

gut terminals of a f o u r - t e m f n a l  crystal i s  dependent  on the load 

across  the input terminals, For a d l e l e c t r f c  amplifier as shown 

in Ffgure 7,  this is the series resistance p l u s  the i n t e r n a l  fm- 

gedanoe sf the power source, Figure 14 demonstrates the change 

in d-G transfer ratio as the shunt impedance at the input ter- 

minals changes, The resistances (shunted by 35 pF) are those 

appearing at t h e  i n p u t  of an e lec t rometer ,  

Ffgure 14 ind ica tes  t h a t  the b i a s  transfer ratio is insfg- 

nificant for reststances customarily encounte red  in power sources, 

Although such a Pow transfer r a t i o  i s  desireable insofar  as Isola- 

tion is concerned, the o r i g i n  of this effect increases the pro- 

blems assocf ated with the materf a1 p r o p e r t i e s  of the c r y s t a l ,  

Reference t o  the polarization h y s t e r e s i s  curves indicates that the 

presence of a resistive load a t  t h e  bias t e r m i n a l s  increases the 

losses in the c r y s t a l ,  The removal of thEs loss comgonent I s  no t  

p o s s i b l e  since it is by the presence of a res i s t ive  load at the 

b f a s  terminals that input-output coupling La achieved, 

Device Agglicatlons A t  Low Frequenci .es  

The biased hysteresis loops  f o r  the 45' conffguratfon 

demonstrated the possibility of construction of a d f e l e c t r f  c ample- 

fier f u n c t i o n i n g  on the  same p r i n c i p l e  as the one shown in 
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Figure 13 - Transfer Characteristics, Full  Electrode 
45O- Cut Crystal 
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Figure The c l r o u i t  shown in Figure 15 was employed to t e a t  

this conclusion, 

In the c f r c u i t  of Ffgure 1 5 ,  a particular choice of Inpu t  

voltage, load resistance and frequency is determined by the loP- 

lowing consideratfons ; the source vol tage impressed on the 

crystal must be sufficient t o  d r i v e  it into saturat ion;  bhe fm- 

pedance of the c r g r t s k  must be of the same order  of magnitude as 

that of the series resLstor s ince  the crystal is ta be a control 

element; the power-~ource fpequency must be less than the lowest 

resonant frequency of  the crystal so  that the f e r r o e l e c t r e e  non- 

1Enearkty is not obsucred by piezoelectric ef fects ,  The bfas 

resistor RB was included t o  eliminate any effects  at tr ibutable  

to a change In impedance o f  the h i a s  source as bias batteries 

were changed, Curves of  voltage across the  load resistance as a 

funct ion  of d-c b i a s  voltage are given i n  Ffgure 1 6 ,  For meaaure- 

ment purposes it was necessary t o  use an i s o l a t e d  500 Hz source, 

Because there is a preferred d irec t ion  of  po lar i za t ion  

f o r  these c r y s t a l s  the e f f e c t s  of p o s i t i v e  (def ined  as being in 

the d i r e c t i o n  o f  preferred polarization) and negative  bfas are not 

identical, The appl icat ion  o f  a p o s i t i v e  b i a s  causes an increase 

i n  the impedance of  the crys ta l  as i t  would in t h e  case of a 

symmetrical hysteresis curve, but the app l i ca t ion  of  a negative 

b i a s  causes an initial decrease in the c r y s t a l  bgedance and then 

an increase as the crystal  b i a s  is increased, The steady-state 

current flow from the bias source is so  small that it mag be 

a t t r ibuted  t o  the conduction current f l o w  through the crystal, 

For temperatures near O°C the d-c re s i s tance  o f  the part icular  

crystals used raa on the order of log  ohms. Except for this con- 

duct ion  current loss, the only input t o  the bfas terminals is that  
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Figure 15- Dielectric Amplifier Test Circuit 
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required t o  charge the c & p ~ % t a n c e  appearing at the bisa temfnals 

t o  the vpltage af the bias battery,  

Hi gh-Frequency Apglf cations 

The extension of the operating range of ferroelectrfe 

devfoes t o  high frequencies is l i m i t e d  by the fnarease in dfelec- 

t r i o  loss with frequency increase and by the giezoelectrLe e f fect  

always present in ferrse l se tr i~  a r y a t a l s *  The frequency dependence 

of polarization hyaterasfs is LlEustrated in Figure 17, These 

hyeteresis curves indicate tbe fn~reased coercive forces and df-  

electric losses! which have l i m i t e d  the power-oouroe and cont ro l -  

Bource frsquenslea o f  d i e l e c t r i c  amplifiers, The curves of Fig- 

ure 17 were taken parallel to the ferroelectrfc axis  of a 4SQ-cut 

crystal,  Polarfzation-hysteresis curves f o r  Oo-cut c r y s t a l s  have 

been gLvan bg UblutserL C1939f. Pblarrhatfon hyst;eresSs data Par 

45O-cut arystala was limited to frequencies below 5OKHz Because 

the crystala melted before saturation po lar i sa t ion  could be reach- 

ed at higher fregueneies, 

The piezoalectric effeot for f i e l d s  l a s s  than about 10 

volts/am or along c r g s t a l l h e  axes exhibiting no polarization 

hysteresis may be described by capacitance measurements. In 

Figure 18 the capacitanae between terminals A and C o f  a crystal  

cut as indicated h FLgura 10 f s  givens T b  intense resonance 

at 200 KHz and Ugher hamonfcs is found experimentally to pro- 

U b L t  control of the d i e l e o t r i c  constant in tbe resonance regzone!, 

Uben voltage greater than 30 v o l t s  m a  were a p p l i e d  ulth fre- 

quencies s l ightly  above o r  below the mechanically resonant frs- 

quenoy, an audio beat was coupled to the atmosphere demonstrating 



Figure 17- Frequency Dependence of Polarization 
Hysteresis. 
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the  e l e c t r i c a l  and mechanical interaction i n  the  @ r y a t % l ,  With 

reference t o  Figure 18,  a source frequency of 700 KHz was chosen 

as being relat ively  free of p iezoe l ec t r i c  effects ,  Tbe c r y s t a l  

properties  were investigated using an induetor in series with the  

crystal and series resonant u i t h  the c r y s t a l  capac i t ance  a t  700 KHz, 

This technique groves useful  because the Q of the resonant circuit 

effectively harasses the gain of the canf igura t lon ,  

In dfeEectrFe amplifier conffguratEons a choice must be 

made as t o  the relative amglftudes of the c o n t r o l  sEgna1 and the  

power-source s ignal ,  One of these must be large enough t o  saturate 

the nonl inear  element, I f ,  for example, t h e  power-source saturates 

the nonlinear element on each half cyc le ,  'the c o n t r o l  s i g n a l  then 

determines what f r a c t i o n  of the polarization-hyateresfs Eoog is 

t raveraed, Alternat f v e l y  , a power-source voltage much smaller 

than that needed to saturate the nonlinear element may be used, 

In this case the control signal determines where on the major P-E 

loop a minor P-E loop w i l l  he executed by the power-source signal, 

For smalldfgnal source operation the d i e l e c t r i c  losses are deter- 

mined by the frequency and ampl i tude of the larger control v o l t a g e *  

Sf the power source saturates the nonlinear element and low-level 

c o n t r o l  voltages are used, the d i e l e c t r i c  lasses are determined 

by the frequency and amplitude of the power-source voltage, The 

power-source frequency is always chosen to be greater than the 

highest conbrol-source frequency, Therefore the condFtfon of low- 

level power-source signal gives the lowest dielectric loss, but 

the high-level c o n t r o l  signal t h e n  supplies dielectric losses in 

the c r y s t a l ,  

The mode af operation of the series resonant canfiguration 

ahown in Figure L9 may be explained in terns of the b i a s e d  



700 KHz 
Power Source 

- 
To Isolated 

1 500 Hz 
Source 

Figure 19 - Series Resonant Configuration 
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Control Source: I IOvolts peak- 

At Resonance 

Power Source: 1.0 volts pea k- 
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Figure 20- Modulation of the Power-Source Signal. 



Chapter  1.V 

D I S C U S S I O N  AND CONCLUSIONS 

Linear Anfsotrop9.c DfePeetri.cs 

ln Chapter I1 a technique for the analysis of f i e l d s  in 

l inear  anisotropic d i e l e c t r i c s  was developed, AggEicatfons of 

the technique are not so restr icted as I t s  o r i g i n  would i n d i c a t e ,  

It 9s u s e f u l  for the analys is  o f  boundary-value problems descr ib -  

ed  by eguatrons r e d u c i b l e  t o  Laglaceus equation* In addftfon to 

anisotropic dielectrics, materf  a l s  having anisotropic thermal or 

e l e c t r i c a l  conductPvi&ies might be analyzed,  

The use of analog field mapping fa not an integral part 

of the transformation process, The transfornation to an isotropic 

apace change& the boundaries of an anf so t rog f  c medf urn but n o t  the 

terminal  properties ,  Thus the termfnal capaci tances  of an aniso- 

tropy transformer are equa l  to those of tbe groper warped Eso- 

t ropSc  dfe leetrf  c ,  

As a consequence of the existence of this transformation, 

it is concluded that no linear a n i s o t r o p i c  dielectric canfigura- 

tion can achieve a vo l t age  gain greater than unity by the mechan- 

ism of anisotropic cougPFng, 



Origin bf The Rochelle Salt Terminal P r o p e r t i e s  ~ 
T h e  explanations of the functional mechanisms of the var i -  

! .  oua nonlinear c r y s t a l  c o n f i g u r a t i o n s  s t u d i e d  in Chapter  I11 are 

,? 
incomplete, They are consistent w i t h  the exgerlrnental results 

b u t  g i v e  no indication of the  i n t e r n a l  mechanism producing the 

obaerved terminal p r o p e r t i e s ,  Among the effects to be exglalned 

are ; the appearance  and di.sapgearance of p o l a r i z a t i o n  nonlinear- 

ity a s  the  45" conf igura t ion  was loaded and unloaded;  t h e  ab- 

sence of polarization nonlinearity along axes only a few degrees 

off t he  f e r r o e l e c t r f c  a x i s  ( p a r t i a l - e l e c t r o d e  45O-cut crystal); 

t h e  relative magnitudes of  the 0°-cut and 4s0-cut  s a t u r a t i o n  

p o l a r i z a t i o n  voltages; and t h e  marked n o n l i n e a r i t y  of the trans- 

fer v o l t a g e s  of  the full e lec t rode  45' c o n f i g u r a t i o n ,  A l l  o f  

these e f f e c t s  may be explained by extending Kanzfgts s t a t emen t  

t h a t  " t h e  po l a r i z a t i on  cannot d e v i a t e  muck from the f e r r o e l e c t r i c  

axfs ,  * It will be assumed that no devLatFon of the p o l a r f  za t fon  

I from the  f e r r o e 1 e c t r i . e  axf.s is poss . ib le ,  Thi.s h p 1 i . e ~  tha t  the 

1 d i e l e c t r i c  s o n s t a n t  is not  representable by a second-rank t ensor  

but haa a s i n g u l a r i t y  i n  the  direction of the f e r r o e l e c t r t c  axfs, 

The experfmental r e s u l t s  of  Chapter 111 and the preceding 

assumpt ions  s u g g e s t ,  f o r  o r i e n t e d  conffguratfona, the  model shown 

en F i gu re  2 i 0  TheIlbear c a p a c i t a n c e s  are much s m a l l e r  than the 

nonlinear capacf.tances s i n c e  the "averagew ferroe1ectrf .c-axis dl -  

e l e c t r i c  canstant 1s t y g f c a l l y  three  o r  more o rde r s  o f  magnitude 

larger t h a n  the other d ie1ec t r f . c  constants, In the  absence  of  a 
L 

* 
connect ion between terminals B and D, only a small  p o l a r i z a t i o n  

non l inea r i ty  between terminals A and C would be expected,  This i s  

because  most of the  applied voltage is dropped a c r o s s  the l f n e a r  



Figure21-TheNonlinear Equivalent Circuit .  



elements, With B shor t ed  to D, t h e  golarfza$ian hysteresis l oop  

between A and C should have t w l c e  the s a t u r a t i o n - p o l a r f z a t h n  

val$age of--and be similar in shape to-- the polarizatfon hgstereaPa 

loop b e t ~ e e n  A and Do These results  are in agreement with the 

hysteres is  loops  of 11, The nonl inear  vo l tage  traensfer 

chasacteristfcs of the f u l l - e l e c t r o d e  45" eonffguratfsn are seen 

to arise from the sgaclng v a r i a t f . 0 ~  of the e lectrodes  A and D, 

ThLs v a r i a t i o n  r e s u l t s  in different saturation po8arfzatfon 

voltages f o r  various parts of the c r y s t a l ,  Lt shou ld  be noted  

t ha t  the modal is not a p p l i c a b l e  when the fields are along 

the  f e r r o e l e c t r i c  a x i s ,  The e q u i v a l e n t  ~Preuft is based on the 

postulate  of no i n e e r n a l  field i n t e r a c t i o n  f o r  a p p l i e d  fields o f f  

the  f e r r o e l e c t r i c  a x f s ,  The e f f e c t  sf the mechanism of aniso- 

t r o p i c  soupling on the % e m i n a l  properties of Rochel le  s a l t  f a  

n e g l i g i b l e ,  

The equivalent circuit indicates that an or ien ted  c r y s t a l  

of  Rochelle s a l t  may be  represented, for  purposes sf d f e l e c t r f c  

ampl i f f ca t fon ,  as a number sf Oo-cut crystaEs,  Thus oriented 

conffgurationa sf Rochelle s a l t  may be used interchangeably with 

m u l t i p l e - t e m f n a l  Oo-cut c r y s t a l s  for appl icat ions  in d i e l e c t r i c  

m p I f  ffcation. 

From the experimental and theoretical results one must 

conclude that devices using nonlinear anlsotrogic coupl ing  in 

Rochelle sa l t  are not gractlcablea It should  be emphasized that 

this  concluafon is valid only for RochslPe saLt and the grae t fca -  

b i l i t y  of any orfented configuration is dependent an the mechanism 



of go la r f  zateon reversal in the d i e l e c t r i c  material, Unfa~tunate- 

ly, l i t t l e  consideration laas been given to the rnaeroscapLc con- 

sequences of the mechanism of polarization reversal in fer roelec-  

t r f c  crys ta l s ,  The concept of +nf so t rog fc  coupling in multi- 

terraha1 elements is, leke all d i e l e c t r i c  am~lfffer technilques, 

a method in search of a material, 



APPENDIXES 



Appendix A 

SPATIAL TRANSFORM DERLVATION 

It 1s desired t a  transform the elliptic differential 

equation 

i n t o  an equat i .on  of the  form 

L e t  

Then 

Combining ( A l )  and ( A 4 )  g i v e s  



The addi t  i.on.al cond9.t i.an required for the e'valuat f on. of t h e  t rans-  

form matrix is t h a t  

which is equivalent to the r e s t r i c t i o n  t h a t  

Both- (A61 and ( A T )  express th.e requi.rement that transformation 

(A3) be orthagonal, From (A51 and ( A 7 1  

and 

Th.eref ore 

and 



Appendix B 

THE PERMITTIVITY TRANSFORM 

Sn Chapter I1 it was demonstrated that for a rotation of 

coordinate axas the [ E ]  transformation required is 

where CT] is the coordinate t r a n ~ f o m n a t i o n . ~  That (Bl) f.s n.ot the 

required transformation may be seen by choosing 

From (Bl) and (B2,) 

Hence tranefarmatfan (B1) cannot be a v a l i d  Ct] transform s i n c e  

the z space i s  required to be isotropica 

The correct transform is 



Appendix C 

ANALYSIS OF THE SAWYER-TOWER CI.RCU1.T 

The circuit shown in Figure  22 is Muellergs modffi@ation 

of a circuit introduced by Sawes and Tower and is commonly used 

f o r  measurement of ferraelectrie-hysteresis curves (sawyer and 

Tower, 1930) .  xn this circuit C3 is chosen to be much larger 

than the maxifnum capacitance of the c r y s t a l  s o  that t h e  impedance 

sf C is always much less than t h . a t  of the c r y s t a l ,  The voltage 
3 

across C3 which dr ives  t h e  vertical amplifier of an oscilloscope 

i s  given by 

Apgroxbati,an ( ~ 1 )  1s valid along the x axis of RachePle s a l t  

since P r ,  toE, The voltage across C2 which drives the horizontal 

amplifier of an osei l loscoge  is sfnuaoidal since the source vol- 

tage is sinusoidal, The resultant h y s t e r e s i s  Poop is not a cor- 

rect one because the voltage across t h e  crystal i s  not sLnusofda1, 

This error is minimized, however, by insuring t h a t  t h e  impedance 

of C I w  always much less than  that of t h e  crys ta l ,  
3 

While not shown in. t h e  circuit di.agram t h e  d-c resistance 



Crystal 

T 

Figur'e 22 - The Sawyer-Tower Circuit, 



of the crystal  may be rep~esetlted as a series ro~lstance Rye The 

effect  of ghaae c o n t ~ o E  R may b e s t  be analyzed by replacing the 
1 

orzatal with a linear capacitance Cx in aeries with a linear 

resistance Rx, The voltage across C2 Ls given by 

The voltage across Cg 5 s  

where 

Equations (C2) and (C4) may be rewritten en ghasor no t a t i on  as 

B i n c e  the linear capacitance which has been subatftutsd For the 

c r y s t a l  may d x h i b i t  no hysteresis, 



Substltutfon of  EguatFons (C3) and (C5) gives 

The ideal dfeLectrLc hysteresf s loop should enclose an area 

equal t o  the cycl ic  energy lass due t o  the nonlinear P - E re- 

latfon fnthe material, Tf a11 losses in addit ion t o  this were 

rapresentable by a eonstant serieo resistance the correat hystere- 

a ia  curve could be obtained by saturating t b  sample and adgusting 

Rl t o  give a straight l i n e  on the ~aturation portion of the hys- 

teresia curve since C, is constant on this por t ion of the curve. 

TkSr fs w h a t  fr done in practice hut the resultant hyeteresfs curve 

not exact beoause there is a voltage dependent component of R 1L 

wUch represents the vibrational losses In the arystalo Since 

tbe vibrational losses vary wi th , tke  driving voltage they cannot 

be exactly oompenssted for by the phase resistor R1. As long as 

raturafad bgsterelib O U F V ~ S  are being sought, the inclusion of  

these l o ~ a s s  i s  tolerable s h c e  R1 i s  adjusted by examining the 

saturation partion of the hysteresis curve6 For unsaturated 

hyst&reaia curves no ruoh reference i r  available and phaae adjust- 

ment i s  a matter of experience. 





L E T  OF REFERENCES 

Cady, W, 0 ,  1964, P i e z o e l e c t r i c i t y ,  Chap, 20-26, Dover PubM- 
c a t i o n s  Inc, New York, 

David,  R, 1935* Degendmce of the dielectric properties of 
Rochelle- salt on mechanical condf-tions, He.lv, Ph, Ac, 
8 :  431-84, 

Gadsden, C, P o  1963a,  The an i so t rogy  tran-ofamner, Elroc, I . E E ,  
51: 612.-13, 

Gadsden, C, P o  1963b, Cor rec t i on  t o  the ani,sotrogy trans- 
former,  Proc, LEEX, 51; 952, 

H a b l u t z e l ,  J o  1939, D i e l e c t r f  c investigations of heavy-water  
R o c h e l l e  salt, Helv, Ph,  A c ,  12: 489-518, 

Jaynes, E, T, 19536 F e r r o e l e c t r i c i t y ,  Chap, 1, Princeton 
Univ, P r e s s ,  Princeton, 

Kanzig, W, 1957, F e r r o e l e c t r f  cs  and a n t i f e r r o e l e c t r f  cs ,  
Solid State Physics, 4;110-lla 

Jona, F,, and Sh i r ane ,  G ,  1962,  P e r r o e l e c t r f c  Crystals, Chap, 
7, Macmillan- Co, N e w  Yorko 

Katz,  H, W, 1959,  S o l f d  State Magnetic and DLe lec t r f c  Devices, 
Chap, 8, John Wi l ey  and Sons, Lnc, New York, 

Loh, Y, P, 1963, A p r e l i m i n a r y  s tudy  o f  dielectric anisotrogy 
t r a n s f o r m e r s b  Unpublished M S  thesis, Tulans University, 

Mason, W, P o  1950aa P i e z o e l e c t r i c  Crystals and Their A p p l i c a t i o n  
t o  UltraaonScs, p ,  459, Do Van N o s t r a n d  Co,, Xac, New 
York, 

Mason, W e  P o  1950b, P i e z o e l e c t r i c  C r y s t a l s  and Their Application 
to Ultrasonfcs,  Chape 11, D, Van Nostrand Co,,Inc, New 
York, 

M u e l l e r ,  H., 19350 Properties of Rochelle salt, Phys0  Rev, 47:  
175-,,91@ 



Nye, J, F ,  1957, Physical Properties of Crystals, p ,  76, 201, 
Oxford Univ, Press, London, 

Pi lk ington ,  T,. C,, and Roe, R e  B, 1965, Ana1~ai.s of f i e l d s  in 
anisotrogLc medLa wi.th agglf ca t f  on to the anlls.otragy trane- 
former, Proc, IEEE, 51: 643-54, 

Sawyer, C, Bob and Towkr, C, Ko 1930, Rochelle s a l t  as a 
dle l ec t r f c ,  Phgs, Rev, 35:269-738 

Weinberg, Lo 1962, Network Analysis and Synthesis, Chap, 1, 
McGraw-fiflb Book Co,, Inc ,  Nsu York, 


